Normal development of the immune system requires regulated processing of NF-B2 p100 to p52, which activates NF-B2 signaling. Constitutive production of p52 has been suggested as a major mechanism underlying lymphomagenesis induced by NF-B2 mutations, which occur recurrently in a variety of human lymphoid malignancies. To test the hypothesis, we generated transgenic mice with targeted expression of p52 in lymphocytes. In contrast to their counterparts expressing the tumor-derived NF-B2 mutant p80HT, which develop predominantly B cell tumors, p52 transgenic mice are not prone to lymphomagenesis. However, they are predisposed to inflammatory autoimmune disease characterized by multiorgan infiltration of activated lymphocytes, high levels of autoantibodies in the serum, and immune complex glomerulonephritis. p52, but not p80HT, represses Bim expression, leading to defects in apoptotic processes critical for elimination of autoreactive lymphocytes and control of immune response. These findings reveal distinct signaling pathways for actions of NF-B2 mutants and p52 and suggest a causal role for sustained NF-B2 activation in the pathogenesis of autoimmunity.
Normal development of the immune system requires regulated processing of NF-B2 p100 to p52, which activates NF-B2 signaling. Constitutive production of p52 has been suggested as a major mechanism underlying lymphomagenesis induced by NF-B2 mutations, which occur recurrently in a variety of human lymphoid malignancies. To test the hypothesis, we generated transgenic mice with targeted expression of p52 in lymphocytes. In contrast to their counterparts expressing the tumor-derived NF-B2 mutant p80HT, which develop predominantly B cell tumors, p52 transgenic mice are not prone to lymphomagenesis. However, they are predisposed to inflammatory autoimmune disease characterized by multiorgan infiltration of activated lymphocytes, high levels of autoantibodies in the serum, and immune complex glomerulonephritis. p52, but not p80HT, represses Bim expression, leading to defects in apoptotic processes critical for elimination of autoreactive lymphocytes and control of immune response. These findings reveal distinct signaling pathways for actions of NF-B2 mutants and p52 and suggest a causal role for sustained NF-B2 activation in the pathogenesis of autoimmunity.
NF-B2 is a member of the NF-B family of transcription factors that also includes NF-B1 (p105/p50), RelA (p65), RelB, and c-Rel (1) . The full-length NF-B2 protein p100 contains an N-terminal Rel homology domain, responsible for dimerization, nuclear translocation, and DNA binding. Its C-terminal region contains an ankyrin repeat domain with IB activity. Under basal conditions, NF-B2 p100 forms inhibitory complexes with Rel proteins (2) (3) (4) . Phosphorylation of the C terminus of p100 by IB kinase ␣ and NF-B inducing kinase leads to proteolytic processing of p100 to p52 (5, 6) . The resulting p52-Rel protein heterodimers then translocate into the nucleus and activate transcription of their target genes. This alternative NF-B signaling pathway is activated by engagement of the receptors for B cell-activating factor, lymphotoxin-␤, and CD40 ligand (3, (7) (8) (9) . Previous studies with NF-B2
Ϫ/Ϫ mice demonstrate a crucial role of NF-B2 in B cell development and secondary lymphoid organogenesis. These mice present a marked decrease in the peripheral B cell population and an absence of discrete perifollicular marginal and mantle zones and of germinal centers in the spleen (10, 11) . More recently, it has been shown that NF-B2 signaling is essential for the development of medullary thymic epithelial cells that function as antigen-presenting cells in negative selection of autoreactive T cell clones (12) .
The NF-B2 gene is recurrently mutated in a variety of human lymphoid malignancies, including T-cell lymphoma, chronic lymphocytic leukemia, multiple myeloma, and B cell lymphoma (13) . A cardinal feature of these genetic alterations is the generation of C-terminally truncated NF-B2 mutants that lack various portions of the ankyrin repeat domain (14 -20) . To determine whether NF-B2 mutation can directly initiate lymphomagenesis, we generated transgenic mice with targeted expression in lymphocytes of p80HT, a lymphoma-associated NF-B2 mutant (17, 18) . The transgenic mice display defects in lymphocyte apoptosis, leading to a marked expansion of the peripheral B cell population and the development of predominantly B cell tumors. p80HT directly activates the expression of TRAF1 that encodes an anti-apoptotic protein also implicated in lymphoid malignancies (21) . Importantly, TRAF1 knockdown abrogates the anti-apoptotic activity of p80HT, and TRAF1 deficiency re-establishes B cell homeostasis in p80HT mice. These findings demonstrate that NF-B2 mutation can directly induce lymphomagenesis, with TRAF1 as a key component of this oncogenic pathway (22) .
Tumor-derived NF-B2 mutants, including p80HT, are constitutively localized in the nucleus (16, 18, 19, 23) . Moreover, it has been shown that p80HT can directly bind to a B probe in its unprocessed form and has a higher transcriptional activity compared with p52 (23) (24) (25) . These observations suggest that NF-B2 mutants may have gained a transactivation function responsible for their oncogenic activity. However, this view has been challenged by a number of observations. It is well known that NF-B2 mutants manifest constitutive processing (13) , most likely as a result of their loss of the C-terminal processing inhibitory domain (5) . Indeed, lymphocytes from p80HT transgenic mice (22) and p80HT-expressing HuT78 T-lymphoma cells express high levels of p52 (supplemental Fig. S1 ). These findings raise the question of whether p80HT induces lymphomagenesis through constitutive production of p52 and, thus, sustained activation of NF-B2. Consistent with the enhanced processing model, elevated levels of p52 have been observed in several types of human cancer (20, 26 -29) . More recently, an analysis of NF-B2 mutant processing has led to the suggestion that it is the processed p52 that is responsible for the oncogenic activity of NF-B2 mutants (30) . To examine these alternative models for the action of NF-B2 mutants, we generated transgenic mice with constitutive production of p52 in lymphocytes. These mice do not develop lymphomas but are predisposed to inflammatory autoimmune disease. At the molecular level, elevated levels of p52 repress the expression of Bim, a pro-apoptotic protein essential for eliminating autoreactive lymphocytes through activation-induced cell death (31) (32) (33) . Our study provides genetic evidence for distinct NF-B2 signaling pathways in the pathogenesis of lymphoma and autoimmune disease.
EXPERIMENTAL PROCEDURES
Mice-The coding sequence for human NF-B2 p52 was amplified by PCR using NF-B2 cDNA as the template. The primers 5NFKBsal (5Ј-GCGGTCGACATGGAGAGTTGCT-ACAACCCAG-3Ј) and 3NFKBp52 (5Ј-GCGGGATCCTCAT-CGCTGCAGCATCTCCGGGGC-3Ј) were designed to introduce a SalI site at the 5Ј end, a termination codon after the amino acid 442, and a BamHI site at the 3Ј end. The amplified p52 sequence was verified by sequencing and cloned into the SalI-BamHI sites of pHSE3Ј (34), a vector containing an H-2K b promoter and an immunoglobulin chain enhancer, which direct transgene expression specifically in lymphocytes. The construct was linearized by PvuI and microinjected into (C57BL/6J ϫ SJL/J) F2 fertilized eggs (University of Michigan Transgenic Animal Core). Transgenic founders were identified by PCR amplification of a 1.3-kb fragment from mouse tail DNA using the primers detailed above. Two transgenic lines were established from the founder mice 434 and 452 by mating transgenic males to C57BL/6J ϫ SJL/J F1 females (Jackson Laboratory). Rag1 Ϫ/Ϫ (recombination activation gene 1-deficient) mice were purchased from the Jackson Laboratory. All of the animal studies were preapproved by the Institutional Animal Care and Use Committee of University of Toledo Health Science Campus.
Immunoblotting-Immunoblotting was performed according to standard procedures. The following antibodies were used: mouse anti-NF-B2 (05-361; Upstate Biotechnology Inc.; 1:500), rabbit anti-TRAF1 (H-132; Santa Cruz; 1:200), rabbit anti-Bim (AAP-330; Stressgen; 1: 500), and mouse anti-␣-tubulin (B-5-1-2; Sigma; 1:2000). Horseradish peroxidase-conjugated anti-mouse and anti-rabbit were used as secondary antibodies (ICN).
Electrophoretic Mobility Shift Assay-Nuclear extracts were prepared from mouse splenocytes using a NE-PER nuclear extraction kit (Pierce) and analyzed for B binding activity as described previously (22, 35) . For supershifting, 3 g of extracts were incubated with 2 g of either preimmune rabbit IgG or antibodies against NF-B2 (06-413; Upstate), NF-B1 (06-886; Upstate), RelA (SC-109x; Santa Cruz), RelB (SC-226x; Santa Cruz), or c-Rel (SC-71x; Santa Cruz) for 30 min at 4°C before the addition of the 32 P-labeled B probe 5Ј-CAGGGCTGGG-GATTCCCCATCTCCACAGTTTCACTTC-3Ј (36) .
Histology, Immunochemistry, and ImmunofluorescenceMouse tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin. For immunohistochemistry, the sections were deparaffinized, rehydrated, and boiled in 10 mM citrate buffer (pH 6.0) or 1 mM EDTA (pH 8.0) for 10 min for retrieval of B220 or CD3 antigen. Following quenching of endogenous peroxidase activity with H 2 O 2 and blocking with normal serum, the sections were incubated for 60 min with rat anti-B220 (RA3-6B2, 5 g/ml; BD Pharmingen), rat anti-CD3 (CD3-12, 10 g/ml; Serotec), or an Isotype control antibody (10 g/ml; BD Pharmingen). After washing, a biotinylated rabbit anti-rat secondary antibody (Vector Laboratories) was applied for 30 min. The sections were then incubated for 30 min with ABC reagent (Vector Laboratories), and immunostaining was visualized with 3,3Ј-diaminobenzidine (Sigma). The sections were counterstained with Hematoxylin. For immunofluorescent staining of glomerular immune complexes, cryostat sections of mouse kidneys were fixed in cold acetone for 15 min, rehydrated in phosphate-buffered saline, and blocked with 10% goat serum, 3% bovine serum albumin in phosphate-buffered saline for 2 h at room temperature. The sections were then incubated with Alexa Fluor 568 goat anti-mouse IgG (1:500; Molecular Probes) for 1 h at room temperature.
Proteinuria and Autoantibody Detection-Urinary protein levels of 8-month-old p52 and wild-type mice were assessed using Urinalysis reagent strips (Labstix; Bayer Corporation) and graded semi-quantitatively (0, none; 1, 30 -100 mg/dl; 2, 100 -300 mg/dl; 3, 300 -2000 mg/dl; and 4, Ͼ2,000 mg/dl). For analysis of autoantibodies to double-stranded DNA (dsDNA), 4 serum samples were collected from 8 -12-month-old p52 and wild-type mice and examined using an enzyme-linked immunosorbent assay kit (Alpha Diagnostic). The values are expressed as g/ml.
Splenocyte Transfer-Splenocytes from 7-month-old p52 or wild-type mice were suspended in phosphate-buffered saline, and 4 ϫ 10 7 cells were injected into tail vein of sublethally irradiated (350 rads) Rag1 Ϫ/Ϫ mice (C57BL/6J, Jackson Laboratory). The mice were sacrificed 3 months after the transfer and analyzed for lung infiltration, glomerular immune complexes, and serum autoantibodies against dsDNA as described above.
Flow Cytometry-Single-cell suspensions were prepared from mouse lymphoid organs according to standard procedures. Lung-infiltrating cells were isolated as described (12) . The cells were stained with fluorescein isothiocyanate-conjugated rat anti-mouse B220 (RA3-6B2), CD4 (GK1.5), CD44 (IM7), hamster anti-mouse CD69 (H1.2F3), allophycocyaninconjugated hamster anti-mouse CD3e (145-2C11), R-phycoerythrin-conjugated rat anti-mouse CD4 (RM4-5), CD8a (53-6.7), and IgM (R6-60.2) (all from BD Pharmingen). The cells were then sorted on Epics Elite (Beckman-Coulter), and the data were analyzed with WinMDI 2.8 software.
In Vitro Lymphocyte Proliferation and Survival AssaysSplenic B and T cells were purified from 6 -8-week-old mice using mouse B-and T-immunocolumns (Cedarlane), respectively. The purified cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 250 M L-asparagine, and 50 M 2-mercaptoethanol at 10 5 /well (96-well plate). B cells were stimulated with F(abЈ) 2 goat antimouse IgM (20 g/ml; Jackson ImmunoResearch) or lipopolysaccharide (LPS; 20 g/ml, Sigma); T cells were stimulated with plate-bound anti-CD3e (145-2C11) plus anti-CD28 (37.51) antibodies (10 g/ml for each antibody; BD Pharmingen) or phorbol 12-myristate 13-acetate (PMA; 2 ng/ml; Sigma) plus ionomycin (250 ng/ml; Calbiochem). After 48 h, the cells were either harvested for cell cycle analysis or pulsed for 12 h with [ 3 H]thymidine (1 Ci/well; Amersham Biosciences). Incorporation of [ 3 H]thymidine was measured using a Scintillation counter. For survival assays, B cells were either untreated or treated with LPS (20 g/ml) or doxorubicin (0.5 g/ml; Ben Venue Laboratories); T cells were either untreated or treated with PMA (2 ng/ml) or doxorubicin (0.5 g/ml). Viable cells were determined daily by trypan blue exclusion assays.
Real Time PCR-Total RNA was extracted from cultured cells or mouse splenocytes using the TRI reagent (Molecular Research). The primers and probe were designed to detect all the three isoforms of Bim transcripts as follows: 5Ј-CGGATCGGAGACGAG-TTCA (forward primer), 5Ј-TTCAGCCTCGCGGTAATCA (reverse primer), and 5Ј-CGAAACTTACACAAGGAGGGT-GTTTGCAA (probe) labeled with the fluorescent reporter dye FAM at the 5Ј end and the fluorescent quencher dye TAMRA at the 3Ј end. PCRs in triplicate were performed using the TaqMan Universal PCR Master Mix (Applied Biosystems) and run on an Applied Biosystems 7500 real time PCR system. The glyceraldehyde-3-phosphate dehydrogenase gene was assayed in parallel as control.
Luciferase Reporter Assay-293T cells in 6-well plates were transfected with 0.6 g of luciferase reporter constructs with or without the 0.8-kb mouse Bim promoter sequence (37), 0.3 g of pSV-␤-galactosidase plasmid, and 0.3 g of pcDNA3 or pcDNA3-p52 using a Lipofectamine Plus kit (Invitrogen). The cells were lysed 40 h after transfection. Luciferase and ␤-galactosidase activities were assayed using a kit (Promega). Luciferase activity was normalized to ␤-galactosidase activity to account for the difference in the transfection efficiency.
Retroviral Infection and Anti-IgMinduced Apoptosis of WEHI-231
Cells-Murine WEHI-231 B lymphoma cells (ATCC CRL-1702) were cultured in high glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 50 M 2-mercaptoethanol. The cells were infected with retroviruses produced from the construct MSCV-IRES-GFP or MSCV-p52-IRES-GFP and sorted by flow cytometry based on the expression of GFP. For downregulation of Bim, synthesized 64-bp oligonucleotides encoding mouse Bim siRNA (5Ј-AGCAACCTTCTGATGTAAG, position 8 -27 bp relative to the start codon, GenBank TM NM_207680) were cloned into pSuper-retro-puro (OligoEngine) for producing retroviruses as described (22) . The infected cells were selected with puromycin (1 g/ml, 3 days). For B cell antigen receptor ligation-induced apoptosis, WEHI-231 cells were treated with F(abЈ) 2 goat anti-mouse IgM (1 g/ml) for 48 h and analyzed for apoptosis by annexin-V staining and trypan blue exclusion assays.
RESULTS
Generation of p52 Transgenic Mice-To determine whether constitutive production of p52 can recapitulate the lymphomainducing activity of p80HT, we generated transgenic mice with targeted expression in lymphocytes of a human NF-B2 transgene coding for the N-terminal 442 amino acids. The exact processing site for the generation of p52 is unknown, but NF-B2 molecules of similar size have been used extensively for characterization of p52 activity (23) (24) (25) 38) and for generation of p52 "knock-in" mice (39) . To be comparable, the same expression vector, pHSE3Ј, was used to generate p80HT and p52 mice, which also have the same genetic background (C57BL/6J ϫ SJL/J). Three founder mice were found to carry various copy numbers of the p52 transgene (data not shown), and two independent p52 transgenic mouse lines were successfully established. Mice from both transgenic lines were examined that displayed very similar phenotypes, as presented below.
Major organs were obtained from 4 -6-week-old p52 mice and their wild-type littermates for immunoblot analysis of tissue expression of p52. As expected, only lymphoid organs of p52 mice expressed high levels of the transgene product and fully processed p52 (Fig. 1A) . The p52 expression levels were comparable between p52 mice and the previously reported 808 line of p80HT transgenic mice (22) (data not shown).
We next examined B binding activity in nuclear extracts from unstimulated p52 and wild-type splenocytes. No significant levels of B binding activity were detected in extracts from FIGURE 1. Characterization of p52 transgenic mice. A, immunoblot analysis of tissue-specific expression of the transgene (Tg) product and processed p52, using an antibody against the N-terminal region of human NF-B2. The levels of ␣-tubulin are shown as loading control. BM, bone marrow; LN, lymph nodes. B, electrophoretic mobility shifting assay for B binding activity in nuclear extracts of splenocytes from p52 transgenic (Tg) and wild-type (WT) mice. The NF-B2-B complex is indicated, which contains no significant levels of Rel proteins, based on antibody-mediated supershift analysis. Preimmune rabbit IgG was used as control.
wild-type cells, whereas p52 extracts contained high levels of constitutive B binding activity. The B-binding complexes in p52 extracts could be supershifted by an antibody against human NF-B2 (Fig. 1B) . In contrast to p80HT, which binds to the same B probe as heterodimers containing RelA or c-Rel (22) , the p52-B complex contained no significant levels of Rel proteins, because preincubation of p52 extracts with antibodies against RelA, RelB, or c-Rel failed to supershift or disrupt the B complex (Fig. 1B) . These findings suggest that p52 exists primarily as homodimers in lymphocytes from p52 mice.
Development of Inflammatory Autoimmune Disease in p52 Transgenic Mice-By 70 weeks of age, p52 transgenic mice showed a mortality rate slightly higher than their wild-type littermates (16.3% versus 11.2%; Fig. 2A ). Histological examination revealed that only one of the eight deceased p52 mice had apparent thymoma (data not shown). Thus, constitutive production of p52 did not significantly predispose mice to lymphomagenesis. This is in striking contrast to p80HT mice, which have a significantly higher mortality rate (up to 79% during the same period) and are highly prone to lymphoma development (22) . Taken together, these data suggest that constitutive processing to p52 is unlikely a major mechanism underlying the lymphomainducing activity of p80HT.
Although p52 mice did not develop lymphomas, a detailed histological examination revealed that ϳ76% of p52 mice (n ϭ 33) at 6 -12 months of age had inflammation in the lungs, salivary glands, and, to a lesser degree, kidneys. The inflammation was characterized by marked infiltration of lymphocytes and macrophages (Fig. 2B) . In contrast, only 2 of 12 (17%) age-matched wild-type littermates showed modest lymphocyte infiltration in the lungs. Immunohistochemical staining of p52 mouse lung sections showed that infiltrating lymphocytes consisted of both B and T cells (Fig. 2C) . We also isolated infiltrating cells from the lungs of p52 mice (n ϭ 6) and performed flow cytometry analysis for the frequency of activated lymphocytes (Fig. 2D) . Staining for the activation marker CD69 revealed an average of 5-fold increase in the percentage of activated B cells in the lungs of p52 mice. The percentage of CD69 ϩ CD4 ϩ T cells was also increased by an average of 2.7-fold. These data suggest that lymphocytic infiltration in the lungs of p52 mice was a result of an ongoing immune response. Given the apparent inflammatory phenotype of p52 mice, we further examined these mice for signs of autoimmune disease. An analysis of serum samples from 8 -12-month-old p52 mice (n ϭ 24) and their age-matched wild-type littermates (n ϭ 14) revealed that p52 mice had an average of 8.2-fold increase in the levels of circulating autoantibodies against dsDNA (Fig. 3A) . Approximately half of p52 mice also showed pathological evidence of glomerulopathy, including increased cellularity in glomeruli and diffuse interstitial lymphocyte infiltration (Fig. 3B) . Immunofluorescent staining of cryostat-sectioned renal tissues using anti-IgG revealed deposits of immune complexes with a granular pattern in glomeruli (Fig. 3B) . Moreover, 55% of 8-month-old p52 mice (n ϭ 11) showed elevated protein levels in the urine (Fig. 3C) , indicative of glomerular dysfunction. Together, these data indicate that p52 transgenic mice are highly susceptible to the development of immune complex glomerulonephritis, an autoimmune renal disease.
Autoimmune Inflammation in p52 Transgenic Mice Is Lymphocyte Autonomous-To determine whether the autoimmune inflammation in p52 mice is caused by a defect within the lymphoid compartment, we transferred 4 ϫ 10 7 splenocytes from 7-month-old p52 transgenic mice (n ϭ 6) and wild-type littermates (n ϭ 6) into sublethally irradiated Rag1 Ϫ/Ϫ mice. Three months after transplantation, three of the six Rag1 Ϫ/Ϫ recipients of p52 splenocytes showed higher levels of circulating autoantibodies against dsDNA, with an average of 4.4-fold increase relative to the Rag1 Ϫ/Ϫ recipients of wild-type splenocytes (Fig. 4A) . In addition, all of the Rag1 Ϫ/Ϫ mice that received p52 cells developed lung inflammation characterized by lymphocytic infiltration and had deposits of immune complexes with a granular pattern in glomeruli (Fig. 4B ). In contrast, none of the Rag1 Ϫ/Ϫ recipients of wild-type splenocytes showed any signs of autoimmune inflammation (Fig. 4) . These data indicate that splenocytes from p52 mice were sufficient to induce autoimmunity.
Expansion of Lymphocyte Populations in p52 Transgenic
Mice-To gain insights into the mechanism whereby p52 induces inflammatory autoimmune disease, we examined lymphoid organs and lymphocyte populations of p52 mice and their wild-type littermates at ages of 6 -24 weeks. Thymi from p52 and wild-type mice were similar in size, in the numbers of total thymocytes, and in the ratios of major thymocyte subsets (data not shown), indicating that constitutive production of p52 had not significant effect on thymocyte development. However, compared with wild-type mice, p52 mice showed a significant increase in sizes of spleens (ϳ69%; Fig. 5A ) and lymph nodes (ϳ71%; data not shown). Consistent with the increased sizes of lymphoid organs, flow cytometry analysis revealed that p52 mice had a significant increase in numbers of total splenic B (36%) and T cells (44%) (Fig. 5B) , demonstrating that constitutive production of p52 promoted expansion of splenic lymphocyte populations. We further examined the major subtypes of splenic T cells in p52 mice. There was no difference in the number of CD8 ϩ cytotoxic T cells between p52 and wild-type mice; however, p52 mice showed a significant increase (66%) in the number of CD4 ϩ helper T cells (Fig. 5C ), primarily as a result of a 2-fold increase in the number of CD4 ϩ
CD69
ϩ activated helper T cells (Fig. 5D) . The elevated levels of activated helper T cells suggest a sustained immune response in p52 mice, which may drive the inflammatory autoimmune disease by excess production of inflammatory cytokines (40) .
Lymphocytes from p52 Mice Show Normal Proliferative Responses but Are Resistant to Certain Apoptotic Stimuli-To
understand the cellular processes responsible for the expansion of peripheral lymphocyte populations in p52 mice, we examined the growth properties of purified splenic B and T cells from 6-week-old p52 mice. Freshly isolated B and T cells showed no significant proliferation, as determined by cell cycle analysis (Fig. 6, A and B) . To assess whether p52 expression enhances their proliferative responses to mitogens, purified B cells were treated for 2 days with either LPS or the anti-chain antibody F(abЈ) 2 ; purified T cells were treated for 2 days with antibodies against CD3 and CD28 or PMA plus ionomycin. Flow cytometry analysis revealed that the percentages of cells in all cell cycle phases were similar between p52 and wild-type lymphocytes (Fig. 6, A and B) . Also, we observed no significant difference in [ 3 H]thymidine incorporation levels between p52 and wild-type lymphocytes following mitogen stimulation (data not shown). Thus, p52 expression did not cause splenic lymphocytes to proliferate autonomously or enhance their proliferative response to mitogens.
Apoptosis also plays a critical role in maintaining lymphocyte homeostasis (41) . We examined the survival of purified splenic B and T cells from p52 and wild-type mice under a variety of conditions. When cultured in the absence of cytokines (no treatment) or treated with LPS, p52 B cells survived much better than wild-type B cells (Fig. 6, C and D) . Similarly, compared with wild-type T cells, p52 T cells showed a significant increase in survival in the absence of cytokines (no treatment) or following PMA treatment (Fig. 6, F and G) . However, p52 splenic B and T cells were essentially as sensitive as the wild-type cells to doxorubicin, a DNA-damaging drug (Fig. 6 , E and H), indicating that p52 expression protects lymphocytes from some, but not all, apoptotic stimuli. Together, these data indicate that constitutive generation of p52 specifically promotes survival of lymphocytes in the absence of cytokines or following mitogenic stimulation, which likely contributes to the expansion of peripheral lymphocyte populations in p52 mice.
p52 Represses Bim Expression and Inhibits Activation-induced Apoptosis-We next investigated the molecular mechanism by which p52 protects lymphocytes from apoptosis. We have shown previously that up-regulation of the anti-apoptotic gene TRAF1 is a major mechanism underlying the anti-apoptotic activity of p80HT and the expansion of lymphocyte populations in p80HT mice (22) . Splenic lymphocytes from 6-weekold p52 mice also showed an increase in TRAF1 levels; however, the up-regulation was transient, because lymphocytes from older p52 mice expressed similar levels of TRAF1 as wild-type cells (Fig. 7A) . This transient up-regulation of TRAF1 in p52 lymphocytes is in striking contrast to what was observed in p80HT mice: both lymphocytes from young p80HT mice and lymphoma cells from old p80HT mice displayed a marked increase in TRAF1 expression (22) . Of note, our previous study showed that overexpression of p52 actually resulted in a modest inhibition of TRAF1 promoter-directed luciferase expression (22) . Together, these observations suggest that at the molecular level, p52 functions distinctly from p80HT, and TRAF1 is not likely a key target gene of p52. We also examined the expression of several anti-apoptotic genes implicated as NF-B targets, including Bcl-X L , cIAP2, TRAF2, and XIAP (42) (43) (44) (45) , and found no difference in their expression levels between p52 and wildtype splenocytes (data not shown).
It is well documented that p52 homodimers can repress gene expression (18, 38, 46) . Because p52 apparently exists as homodimers in lymphocytes from p52 mice (Fig. 1B) , we investigated the possibility that p52 may repress the expression of pro-apoptotic genes critical for maintaining lymphocyte homeostasis. One potential target is Bim, a pro-apoptotic protein critical for lymphocyte apoptosis (47) . Lymphocytes from Bim Ϫ/Ϫ mice are resistant to apoptosis triggered by cytokine deprivation or mitogen stimulation but sensitive to DNA damage-induced apoptosis, and Bim Ϫ/Ϫ mice show expansion of peripheral lymphocyte populations and develop autoimmune renal disease (31) . These are the phenotypes shared by p52 transgenic mice, as presented above. Immunoblot analysis revealed that Bim expression was markedly down-regulated in splenic lymphocytes from p52 mice compared with the lymphocytes from wild-type littermates (Fig. 7B) . No repression of Bim expression was observed in splenic lymphocytes from agematched p80HT mice (Fig. 7B) , providing further evidence that p52 functions distinctly from p80HT. Importantly, splenic lymphocytes from NF-B2 Ϫ/Ϫ mice showed significant up-regulation of Bim (Fig. 7C) , indicating a physiological role of p52 in repressing Bim expression.
To confirm the immunoblotting data, we performed real time PCR analysis of Bim mRNA levels in splenocytes from p52 and wild-type mice, which revealed an ϳ50% reduction in Bim mRNA levels in the p52 cells compared with the wild-type cells (Fig. 7D, Splenocytes) . Similarly, overexpression of p52 in WEHI-231 B lymphoma cells resulted in a 72% reduction in Bim mRNA levels relative to control WEHI-231 cells (Fig. 7D,  WEHI) . These data suggest that p52-mediated Bim repression occurs at the transcription level.
We next performed luciferase assays using a reporter construct in which luciferase expression is under the control of a 800-bp sequence immediately upstream of mouse Bim exon 1, which contains all major elements for the control of Bim expression (37) . The Bim promoter reporter construct (pGLBim-p0.8) exhibited robust activity in 293T cells, leading to an 86-fold increase in luciferase activity relative to the control basic reporter construct (pGL-basic). However, co-transfection of 293T cells with pcDNA3-p52 and pGL-Bim-p0.8 resulted in an ϳ2-fold reduction in the luciferase activity (Fig. 7E) . Similar results were also obtained with human fibrosarcoma HT1080 cells overexpressing p52 (data not shown). These results suggest that p52 acts on the Bim promoter to repress Bim expression.
The observation that p52 represses Bim transcription in WEHI-231 B cells provided a system for examining the effect of p52-mediated Bim down-regulation on apoptosis induced by B cell receptor engagement, a model for activation-induced apoptosis in B cells (48, 49) . Consistent with the results of real time PCR analysis (Fig. 7D) , Bim protein levels were also significantly decreased in WEHI-231 B cells overexpressing p52 relative to the control cells expressing GFP (Fig. 7F, lanes 1 and 2) . In addition, we generated WEHI-231 B cells with stable expression of Bim siRNA, which resulted in a marked down-regulation of Bim expression compared with the cells expressing siRNA against GFP (Fig. 7F, lanes 3 and 4) . Down-regulation of Bim, either by p52 or by siRNA, significantly protected WEHI-231 B cells from apoptosis induced by B cell receptor engagement (Fig. 7, G and H) . Together, our results suggest that repression of Bim expression is an important mechanism for p52 to protect lymphocytes from activation-induced apoptosis.
DISCUSSION
C-terminal truncations and rearrangements of the NF-B2 gene occur recurrently in a variety of human lymphoid malignancies (13) . How these structural alterations affect NF-B2 signaling and contribute to tumorigenesis is not well understood. One of the key questions is whether the resulting NF-B2 mutants function directly as oncogenic proteins or merely serve as altered precursors for constitutive production of p52, the active form of NF-B2. In this report, we present genetic evidence that constitutive production of p52 is not a major mechanism for the tumorigenic activity of NF-B2 mutants. Mice with targeted expression of p52 in their lymphocytes, unlike their counterparts expressing the tumor-derived NF-B2 mutant p80HT (22) , are not prone to lymphoma development. Instead, p52 transgenic mice are highly susceptible to the development of inflammatory autoimmune disease. These findings reveal distinct NF-B2 signaling pathways in the pathogenesis of lymphoid malignancies and autoimmune diseases.
Previous studies using reporter assays have shown that p80HT has a higher transactivation activity than p52 (23) (24) (25) . Also, it does not have the transcriptional repressor function normally associated with p52 homodimers (18, 23) . Interestingly, our electrophoretic mobility shifting assay results indicate that p80HT forms heterodimers with either RelA or c-Rel in lymphocytes (22) , whereas p52 exists predominantly as homodimers. The distinct compositions of p80HT and p52 dimers probably underlie the differences in their transcriptional activities and target genes, which may contribute to the distinct phenotypes of p80HT and p52 transgenic mice. Pretumor lymphocytes and lymphoma cells from p80HT mice showed sustained up-regulation of TRAF1, a direct target gene of p80HT essential for its anti-apoptotic and tumorigenic activity (22) . In contrast, lymphocytes from p52 transgenic mice showed only transient up-regulation of TRAF1. The molecular basis for the transient TRAF1 up-regulation in p52 lymphocytes is not clear at present. In cell-based assays, p52 overexpression actually inhibited TRAF1 promoter-directed luciferase expression (22) . Regardless of the mechanism involved, the inability of p52 to sustain TRAF1 up-regulation in lymphocytes is probably one of the major reasons for the essentially tumorfree phenotype of p52 mice.
Nevertheless, constitutive production of p52 is pathogenic. With age, p52 mice develop inflammatory autoimmune disease characterized by multiorgan infiltration of activated lymphocytes, high levels of autoantibodies in the serum, and spontaneous development of autoimmune glomerulonephritis. At cellular levels, p52 mice display a significant increase in the numbers of peripheral B and T cells. For splenic T cell subsets, it is particularly interesting to note the accumulation of activated helper T cells, which may drive the disease by excess production of inflammatory cytokines (40) . The increase in lymphocyte populations in p52 mice most likely results from enhanced survival. Constitutive production of p52 has no significant effect on the proliferation of lymphocytes but protects them from apoptosis induced by cytokine deprivation or following mitogenic stimulation. We further demonstrate that p52 can protect WEHI-231 B cells from B cell receptor ligation-induced apoptosis, a model for activation-induced apoptosis responsible for deletion of autoreactive B cells (48, 49) . We suggest that the defects in lymphocyte apoptosis result in a breakdown in eliminating autoreactive lymphocytes and/or in keeping immune responses in check, which eventually leads to autoimmune disease.
The transcriptional repressor activity of p52 is well documented (18, 38, 46) . However, the physiological significance of this repressor activity has been unclear, because few target genes of p52 repression have been identified. We show that Bim is a target of p52 repression in both in vivo and in vitro systems. More importantly, we show that Bim expression is up-regulated in lymphocytes from NF-B2 Ϫ/Ϫ mice, suggesting that repression of Bim expression is a physiological function of NF-B2 signaling. Bim is a member of the Bcl-2 homology 3-only subgroup of the Bcl-2 family with pro-apoptotic activity and is critically important for apoptosis of lymphocytes (47) . Bim-deficient mice display defects in activationinduced apoptosis (31) (32) (33) 50) . These mice also show expansion of peripheral lymphocyte populations and develop autoimmune renal disease (31) . These are phenotypes shared by p52 transgenic mice, suggesting that Bim repression is an important mechanism underlying the pathogenesis of autoimmune disease in p52 mice. We want to point out that p52-mediated Bim repression is not complete, which may explain why the autoimmune phenotype of p52 transgenic mice is less severe than that of Bim Ϫ/Ϫ mice, which often develop fatal autoimmune disease (31) . As reported here, p52 transgenic mice have a life span similar to their wild-type littermates.
In summary, our study with p52 transgenic mice suggests a gain of oncogenic activity for NF-B2 mutants in lymphomagenesis and a causal role for sustained NF-B2 activation in the pathogenesis of inflammation and autoimmunity. This mouse model, in combination with patient samples, should enable further analysis of the role of NF-B2 signaling pathway in human inflammatory autoimmune disease.
